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Koeppe II), sparre@med.cornell.edu (O.S. Andersen).Green tea’s health beneﬁts have been attributed to its major polyphenols, the catechins: ()-epigal-
locatechin gallate (EGCG), ()-epicatechin gallate (ECG), ()-epigallocatechin (EGC), and epicatechin
(EC). Catechins (especially EGCG) modulate a wide range of biologically important molecules, includ-
ing many membrane proteins. Yet, little is known about their mechanism(s) of action. We tested the
catechins’ bilayer-modifying potency using gramicidin A (gA) channels as molecular force probes.
All the catechins alter gA channel function and modify bilayer properties, with a 500-fold range
in potency (EGCG > ECG EGC > EC). Additionally, the gallate group causes current block, as evident
by brief downward current transitions (ﬂickers).
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction The catechins localize to, and interact with, lipid bilayers [7,13–Green tea (Camellia sinensis) and green tea extracts have been
reported to have a wide range of health beneﬁts, being remedial
for diverse diseases including cancer, cardiovascular disease, Alz-
heimer’s and obesity [1]. These beneﬁts have been attributed to
green tea’s major polyphenols, the catechins: ()-epigallocatechin
gallate (EGCG), ()-epicatechin gallate (ECG), ()-epigallocatechin
(EGC), and epicatechin (EC) (Fig. 1)—all of which are strong anti-
oxidants. The most bioactive (and abundant) catechin is EGCG, fol-
lowed closely by ECG, and then to a lesser extent EGC and EC; for
reviews on the green tea catechins see [1–7].
The green tea catechins, especially EGCG (the most studied),
modulate numerous structurally dissimilar proteins at similar con-
centrations. Many of the affected proteins are membrane proteins,
e.g., mitochondrial proton F0F1-ATPase [8], Kv1.5 potassium chan-
nels [9], hERG potassium channels [10], vascular endothelial
growth factor receptor (VEGFR) [11], epidermal growth factor
receptor (EGFR) [12]; for additional examples see Table 1 in [7].chemical Societies. Published by E
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Physiology and Biophysics,
ew York, NY 10065, United
gólfsson), rk2@uark.edu (R.E.16]. They have been reported to interact with membrane lipid rafts
[7,12], and their bilayer partitioning correlates with their biological
effects [13]. The results suggest that the catechins may exert some
of their effects through a common, bilayer-mediated mode of ac-
tion—consistent with their effects on gramicidin A (gA) channels
[12].
Membrane proteins are solvated by the lipid bilayer, and the
proteins and their host bilayer are energetically coupled through
hydrophobic interactions [17]. When membrane proteins undergo
conformational transitions that involve their transmembrane do-
mains, the bilayer adapts accordingly. This bilayer adaptation in-
curs an energetic cost, which varies with changes in the bilayer
physical properties (e.g., thickness, intrinsic curvature, and the
associated elastic and bending moduli), effectively coupling
changes in bilayer properties to changes in membrane protein
function. The bilayer properties are modiﬁed by amphiphiles that
adsorb at the bilayer/solution interface, e.g., [17], which might pro-
vide a mechanism by which the amphipathic catechins alter the
function of diverse membrane proteins. To further explore the bi-
layer-modifying potency of the green tea catechins, we used gA
channels as molecular force probes [17–19].
2. Materials and methods
Lipid bilayers were formed using 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) from Avanti Polar Lipids (Alabaster, AL),lsevier B.V. All rights reserved.
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Fig. 1. Structures of the green tea’s catechins: ()-epigallocatechin gallate (EGCG),
()-epicatechin gallate (ECG), ()-epigallocatechin (EGC), and epicatechin (EC) and
of dodecyl gallate.
Fig. 2. gA lifetime (s) changes as a function of [catechin]. [Ala1]gA single-channel
lifetimes, normalized relative to lifetimes determined before addition of the
catechin; error bars show range for n = 2 and S.E. for n = 3–4. The large uncertainty
in the EGCG results is due to the difﬁculties in determining the lifetimes of ﬂickery
channels, and the existence of long-lived sub-conductance states furthermore
limited the concentration range that could be studied. 1 M NaCl or CsCl, 200 mV,
ﬁltered at 200–500 Hz.
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solution was 2% (w/v) DOPC in 99.9% pure n-decane from
ChemSampCo. (Trenton, NJ). The catechins were from Sigma
Chemical Co. (St. Louis, MO) at the highest available purity and
diluted in DMSO (a few EGCG and EC experiments were done with
catechins kindly provided by Dr. Yukihiko Hara, Mitsui Norin Co.,
Shizuoka, Japan). The gA analogue, Table 1, were prepared and
puriﬁed as described previously [20]. Most experiments were done
with the [Ala1]gA, which forms channels with average lifetimes
175 ms, which is well suited for experiments in which the
amphiphile may increase the channel appearance and lifetime.
Single-channel experiments were done using the bilayer punch
method [21] at 25 ± 1 C using a Dagan 3900A Integrating patch
clamp (Minneapolis, MN), with 100 or 200 mV applied potential.
The electrolyte solutions were 1 M CsCl or NaCl, 10 mM HEPES,
pH 7.0. The current signal was low-pass Bessel ﬁltered at 2–
5 kHz, digitized at 20 kHz, and digitally ﬁltered at 200–1000 Hz,
as indicated. Single-channel current transition amplitudes and life-
times were determined, and the respective histograms con-
structed, as described previously [21,22], e.g., Supplementary
material Fig. S1. Average channel lifetimes (s) were determined
by ﬁtting a single exponential distribution N(t)/N(0) = exp{t/s},
where N(t) is the number of channels with lifetime longer than
time t to the lifetime histograms [22]. The gA analogue and theTable 1
gA sequences.a
[Ala1]gA f-Ala Gly
[D-Ala1]gA f-Ala Gly
[MeTrp9,11,13,15]gA f-Val Gly
[D-Val1-MeTrp9]gA f-Val Gly
[Ser3]gA f-Val Gly
des-(Val1-Gly2)gA f-
The non-standard acronyms are: f, formyl; e, ethanolamide; and MeW
a Altered residues, as compared to wild-type gA, are marked in bolcatechins were added symmetrically, to the aqueous phases on
both sides of the bilayer.
3. Results
To quantify the green tea catechins’ effects on lipid bilayer
properties, as sensed by a bilayer-spanning channel, we measured
their effects on gA channels in planar bilayers. gA single-channel
events were recorded in the absence and in the presence of
increasing concentrations of the catechins. Single-channel current
transition amplitudes were monitored using current transition
amplitude histograms and the single-channel lifetime was deter-
mined by ﬁtting single exponentials to normalized survivor histo-
grams (see Fig. S1 for analysis with EC). Fig. 2 shows the increase in
the normalized gA single-channel lifetime (s) as a function of
increasing [catechin]; EC, EGC, ECG, EGCG. All the catechins in-
crease gA channel lifetime, with a 500-fold difference in potency;
EGCG being the most potent and EC the least. Some catechins have
additional effects, as illustrated in Fig. 3, which shows [Ala1]gA sin-
gle-channel recordings without and with a selected concentration
of the different catechins. EC and EGC do not alter the gA single-
channel current steps, but ECG and EGCG cause qualitative changes
in the channel appearance; namely downward ﬂickers (current
transitions) from the fully conducting state. Increasing the ECG
or EGCG concentration increases the frequency of these downward
ﬂickers—indicating that EGCG and ECG produce intermittent inter-
ruptions of the ion ﬂow through the channel. Occasionally the
ﬂickery current transitions were down to the non-conducting cur-
rent level, but usually the transitions were too brief to be fully re-
solved; in some cases they would reach an ill-deﬁned intermediate
current level. At higher [EGCG], subconductance states are appar-
ent (Supplementary material Fig. S2), but the current amplitude
of the fully conducting state is not changed.Ala Leu Ala Val Val Val Trp Leu Trp Leu Trp Leu Trp-e
Ala Leu Ala Val Val Val Trp Leu Trp Leu Trp Leu Trp-e
Ala Leu Ala Val Val Val MeW Leu MeW Leu MeW Leu MeW-e
Ala Leu Ala Val Val Val MeW Leu Trp Leu Trp Leu Trp-e
Ser Leu Ala Val Val Val Trp Leu Trp Leu Trp Leu Trp-e
Ala Leu Ala Val Val Val Trp Leu Trp Leu Trp Leu Trp-e
, methylated tryptophan.
d. Underlined residues represent D-amino acids.
Fig. 3. Single-channel current traces recorded in the presence of different catechins.
[Ala1]gA current traces with: control, 10 lM EC, 10 lM EGC, 500 nM ECG, and
500 nM EGCG. 1 M CsCl, 200 mV, ﬁltered at 1000 Hz.
Fig. 4. Effect of EGCG on channels formed by different gA analogue. In control
current traces obtained with each of the gA analogue, no conductance ﬂickers were
observed. The traces are recorded with 0.5–1 lM EGCG, 1 M CsCl, 200 mV, ﬁltered
at 1000 Hz; except for the [D-Val1-MeTrp9]gA trace, which due to low conductance,
is ﬁltered at 200 Hz, and the [Ser3]gA + [D-Ala1]gA (lower, higher conductance,
respectively) trace is 1 M NaCl, ﬁltered at 500 Hz.
Fig. 5. Effect of dodecyl gallate on [Ala1]gA single-channel behavior. The traces are
recorded with 200 mV applied potential in 1 M CsCl and ﬁltered at 500 Hz.
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whether there could be direct binding to the gA channel, we mea-
sured the effect of EGCG on different gA analogue (Fig. 4). EGCG in-
duces ﬂickers in channels formed by gA analogue of opposite
chirality (right- and left-handed helix sense) [Ala1]gA and [D-
Ala1]gA and variable sequence: [MeTrp9,11,13,15]gA, [D-Val1-MeT-
rp9]gA, [Ser3]gA, and des-(Val1-Gly2)gA (see Table 1 for amino acid
sequence of the gA analogue). All these analogue channels show
similar behavior with EGCG (Fig. 4). In [MeTrp9,11,13,15]gA, the four
tryptophan indole NHs have been methylated, suggesting that
EGCG–tryptophan interactions are unlikely to cause the ﬂickers.
[Ser3]gA, [D-Val1-MeTrp9]gA and des-(Val1-Gly2)gA have altered
amino acid sequences at or close to the subunit interface, suggest-
ing that the interface region is not important; des-(Val1-Gly2)gA
channels also have a different channel length. No change was ob-
served with a different permeant ion (Na+ instead of Cs+), and
the ﬂickers were observed also when EGCG or ECG was added
asymmetrically to only one side of the bilayer and results with
negative or positive potentials were comparable. The ﬂickery
behavior furthermore is not due to permanent chemical changes
or damage to the channels, as the gA channel appearance rate
and ﬂicker frequency do not vary with time after catechin
addition—and experiments with gA that was pre-incubated for
24 h with 25 lM EGCG showed no ﬂickers (the ﬁnal [EGCG] in
the experimental chamber was 25 nM, and we added the same
amount of gA as in other experiments).
Comparing the catechins that induce ﬂickery behavior (EGCG
and ECG) with those that do not (EGC and EC), the gallate group be-
comes the likely candidate for inducing the ﬂickers (Figs. 1 and 3).
To test this possibility, we used dodecyl gallate (a gallate group
linked to a 12 carbon chain, which facilitates incorporation at the
bilayer/solution interface), which was found to induce ﬂickery gAchannels at high nM concentrations (Fig. 5). In contrast to the
green tea catechins, dodecyl gallate causes a reduction in gA chan-
nel lifetime: the normalized lifetime change (sdodecyl gallate/scontrol)
was 0.91 ± 0.04 at 0.5 lM and 0.77 ± 0.05 at 1 lM (mean ± S.E.).
4. Discussion
The green tea catechins modify lipid bilayer properties, as
sensed by gA channels. Incorporating the catechins into lipid bilay-
ers increases the gA channel lifetime, meaning that the catechins
3104 H.I. Ingólfsson et al. / FEBS Letters 585 (2011) 3101–3105reduce the disjoining force imposed by the bilayer on the channel
[17]. EGCG is the most potent catechin, with detectable bilayer ef-
fects in the high nM range, followed closely by ECG. EGC and EC are
far less potent, showing no effects at low lM concentrations and
being only weak modiﬁers at higher concentrations (Fig. 2). The
rank order of the green tea catechins’ bilayer-modifying potency,
EGCG > ECG EGC > EC, is similar to that reported for their biolog-
ical effects, as summarized in [5,13,23,24]. Notably, the gallate-
containing catechins are the most potent, in terms of both bilayer
modiﬁcation and their biological effects.
The catechins alter lipid bilayer properties at concentrations
similar to those where they alter the function of many membrane
proteins [7–12]—suggesting that they may exert their effects on
membrane protein function by a common (e.g., bilayer mediated)
mechanism, rather than by direct catechin binding to each of the
diverse proteins. Because the green tea catechins adsorb at the bi-
layer/solution interface and modify bilayer properties, they will
effectively alter the function of any membrane protein. The extent
of the functional changes will vary among different proteins,
depending on the extent of bilayer adjustment required for partic-
ular conformational changes (i.e., each protein’s sensitivity to bi-
layer properties) [17]. Similar effects on bilayer properties,
reported using gA channels as molecular force probes, have been
observed with other phytochemicals; e.g., genistein [25], capsaicin
[26] and curcumin [27].
The effects of EGCG and ECG on gA channels are complex, nev-
ertheless, as these compounds in addition to altering bilayer prop-
erties (increasing the single-channel lifetime), also cause the
appearance of current ﬂickers or subconductance states (Fig. 3
and Fig. S2). The current ﬂickers occurred only with the gallate-
containing catechins and, because these two catechins have the
greatest biological effect, we cannot exclude that the catechins bio-
logical effects somehow may be related to chemical interactions
similar to those underlying gA channel block (albeit with very dif-
ferent targets).
To explore whether the gallate group caused the ﬂickers, dode-
cyl gallate was tested and found to produce similar behavior
(Fig. 5). In addition to causing ﬂickery gA channels, dodecyl gallate
also reduced the gA channel lifetime. The lifetime changes are
opposite to those produced by the catechins, but consistent with
the expected changes in bilayer properties caused by the insertion
of a long saturated carbon chain (based on results with long-chain
alcohols [28]). That the gallate group produces ﬂickery gA channel
behavior suggests direct interactions with the gA channel. The
ﬂicker frequency increased gradually with increasing concentra-
tion of gallate-containing molecules (Fig. 3 and Fig. S2). The ﬂickers
are not resolved at our highest ﬁlter frequency >5000 Hz—indicat-
ing that the dissociation rate constants are high. To further explore
the interaction of the gallate group with gA channels, we tested a
number of gA analogue (Table 1). The general pattern did not de-
pend on helix sense or the identity of residues close to the bi-
layer/solution interface or the subunit interface (Fig. 4). All of the
tested analogue channels showed similar behavior, suggesting that
the gallate-containing compounds disrupt ion ﬂow by blocking the
pore entrance rather than by binding at the channel/bilayer bound-
ary. (The gallate group is not a very potent channel blocker, how-
ever; assuming there is one gallate group in a hemisphere of
radius 1.5 nm centered at the channel entrance, the local gallate
concentration in the vicinity of the gA channel would be
250 mM.)
The biological effects of green tea catechins likely are due to
multiple molecular interactions. Because the catechins accumulate
at the bilayer/solution interface and (at sub-lM concentrations)
modify bilayer properties that can inﬂuence membrane protein
function, it becomes important to distinguish between indirect ef-
fects on protein function, due to the bilayer–protein hydrophobiccoupling, and direct effects due to binding to one or more target
proteins.
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